We have analysed the structural and physical properties of the carboxy-terminal stalk region of a kinesin-II, Xenopus kinesin-like protein 3A/B (Xklp3A/B), which we showed to be essential for heterodimerization in a previous work (De Marco et al., 2001). We expressed the corresponding A-stalk and B-stalk fragments and investigated their modes of interaction by analytical ultracentrifugation (AUC), circular dichroism spectroscopy, denaturation assays and electron microscopy. Co-expression of the A-stalk and B-stalk produced the properly folded, hetero-dimeric coiled coil at high yields. The dimeric nature of the complex was confirmed by AUC. We also found that the isolated A-stalk fragment forms a stable helix by itself and shows a significant tendency towards homodimer and higher-order complex formation. In the absence of the corresponding A-stalk fragment, the isolated B-stalk fragment remains partially unfolded, which suggests that the A-stalk provides a template structure for the B-stalk in order to recompose the complete heterodimeric coiled coil.
INTRODUCTION
Kinesins are a large family of molecular motors that mediate microtubule-based motility in cells. They are composed of an ATP-and microtubule-binding motor-head, a stalk region and a cargo-binding domain. Whereas the motor-head domains are well conserved among all kinesin family members, the stalk and cargo-binding regions are highly variable and are individually adapted to their tasks in cells (for a review, see Hirokawa, 1998; Vale, 2003) .
kinesin-II family members (for a review, see Marszalek & Goldstein, 2000) are heterodimeric complexes composed of two different heavy chains and a non-motor, kinesin-associated polypeptide (KAP). In mammals, kinesin-II members have a unique modular ability to dimerize with various partners, adapting to specialized transport tasks in different tissues (Muresan et al., 1998; Yang & Goldstein et al., 1998) . Dimerization of the motor subunits is mediated by a heterodimeric coiled-coil interaction of their stalk regions.
In our previous work on kinesin-II (De Marco et al., 2001) , we analysed the dimerization properties of a kinesin-II motor unit from Xenopus laevis, Xenopus kinesin-like protein 3A/B (Xklp3A/B; Tuma et al., 1998) . kinesin-II family members have a unique charged region in their stalk, at the carboxy-terminal end of the neck region. This region has opposite charges in the corresponding partners, which suggested an involvement in the process of heterodimerization and partner recognition (Rashid et al., 1995; Chana et al., 2002) . However, our results described in De Marco et al. (2001) suggest a different mechanism. We showed that the crucial regions for heterodimerization of Xklp3A and Xklp3B are located at the C-terminal end of the stalk. Immunoprecipitation experiments showed that the removal of the neck and the charged region did not affect heterodimerization or induce homodimerization of the two subunits. Unlike conventional kinesins, the regions essential for dimerization extend over two adjacent coiled-coil stretches (De Marco et al., 2001) This work presents a follow-up investigation of the results published in De Marco et al. (2001) and consists of an analysis of the structural and physical properties of the C-terminal stalk regions. We cloned and expressed two C-terminal coil fragments, of 112 and 113 residues, of the Xklp3A and Xklp3B stalks, respectively, which are hereafter referred to as the A-coil and B-coil (Fig. 1A) . Using circular dichroism (CD) spectroscopy, we found that the isolated A-coil is able to form a stable helix that seems to function as a template for the B-coil to fold into a heterodimeric complex. The B-coil alone is unstable. Coexpression of the two stalks revealed a properly folded, heterodimeric coiled-coil fragment at high yields, suitable for ultracentrifugation, denaturation experiments, crystallization trials and visualization by electron microscopy (EM).
RESULTS AND DISCUSSION
The motor unit of Xklp3A/B forms a heterodimeric complex that is mediated by a coiled-coil interaction in the stalk domains. The ATP-binding Xklp3A and Xklp3B motor domains are followed by a short neck, a stretch of charged residues and an α-helical coiled coil, which can be divided into three discrete subdomains Dimerization properties of a Xenopus laevis kinesin-II carboxy-terminal stalk fragment separated by stutters (Fig. 1A) . The elements responsible for heterodimer formation are two coiled-coil segments, which are located at the C-terminal end of the stalk (shown in red in Fig. 1A ; De Marco et al., 2001) . The arrangement of heptad repeats in this segment is shown in Fig. 1B . Red lines indicate the extensive network of interhelical salt bridges that extend along coiled-coil region II, which promote heterospecific pairing and prevent homodimerization. Here, we expressed two constructs, composed of amino acids 485-597 for the A-fragment and 479-592 for the B-fragment (Fig. 1A) . Positions 597 in the A-coil and 592 in the B-coil are both prolines (Fig. 1B) and mark the termination of the coiled-coil interaction and the transition into the tail domains.
The A-coil and B-coil form a stable dimer
The A-coil and B-coil fragments were both cloned in a pETderived vector that was designed specifically for the expression of small protein domains. The polypeptide chains were expressed as fusions with N-utilization substance A (NusA) in Escherichia coli strains that co-express chaperones (Tomoyasu et al., 2001) . To facilitate the study of the heterodimeric coiled coil, the A-coil and B-coil fragments were cloned in a polycistronic vector (Tan, 2001 ) and co-expressed with chaperones to promote dimer formation and improve heterodimer stability (see the Methods section). The homogeneity of the recombinant proteins after the purification procedure was assessed by tricine-SDS-polyacrylamide gel electrophoresis (PAGE; Fig. 2A ), which gave single bands for the A-coil and B-coil that were consistent in size with their predicted molecular masses (A-coil, 13.9 kDa; B-coil, 14.3 kDa; Fig. 2A, lanes 1 and 2) . Similarly, analysis of the co-expressed recombinant complex by tricine-SDS-PAGE indicated the presence of two components of the predicted molecular masses and in the expected 1:1 ratio. For a preliminary evaluation of the composition and quaternary structure of the recombinant proteins, samples were analysed by native PAGE on a gradient gel. In the moderate salt concentration used for our analysis, the individually expressed A-coil runs as a smeared band under native conditions (Fig. 2B, lane 1) , indicating the co-existence of different oligomerization states. The B-coil, however, runs as a sharp band (Fig. 2B, lane 2) , indicating a single association state. The co-expressed complex runs as a single band under non-denaturing conditions (Fig. 2B, lane 3) , which confirms the association of the two subunits in a stable complex.
Analytical ultracentrifugation results
To establish precisely the native state of the A-coil, the B-coil and the heterodimeric complex, we performed sedimentation velocity runs in an analytical ultracentrifuge. Under the conditions of our analysis (similar to the ones used for native PAGE), the A-coil showed a nonhomogeneous composition. The fitting of the runs suggested the presence of a homodimeric species (S 20,w~2 .94; molecular weight 28,600 Da) that co-exists with a tetrameric complex (S 20,w~4 .60; molecular weight ~54,100 Da). At the concentrations used in our study, the homodimer is the predominant form and the dimer-tetramer reaction seems to be reversible, although the kinetics may be slow (data not shown). Due to the low absorbance at 280 nm, the B-coil Heterodimerization of Xklp3A/B V. De Marco et al. was analysed as a fusion with NusA. Analysis of the NusA-B-coil data showed a weakly concentration-dependent zone with a slight tendency (dissociation constant (K d )~100 µm) to self-associate in a dimeric form. Extrapolation of the peak position suggests a monomeric S 20,w value of 3.822. Sedimentation runs of the coexpressed A/B-complex confirmed the presence of a unique species of the predicted size for a heterodimer (S 20,w 2.286 ± 0.061; molecular weight 29,160 ± 596 Da) composed of the A-coil and B-coil in a 1:1 ratio (Fig. 2C) .
A-coils and B-coils show different folding properties
Far-ultraviolet CD spectroscopy analysis was used to investigate the folding patterns of the isolated A-coils and B-coils as well as that of the heterodimeric AB-coil ( Fig. 3A-C ; Table 1 ). The CD spectrum for the A-coil alone shows a profile typical of predominantly α-helical folding, with double minima at 208 nm and 222 nm ( Fig. 3A-C) . The helical content of the A-coil fragment in benign buffer is 75% (Fig. 3A) and can be increased to a completely α-helical peptide by adding 50% trifluoroethanol (TFE; Sönnichsen et al., 1992) . By contrast, the isolated B-coil fragment shows a significantly lower α-helical content (40%; Fig. 3B ), which can be increased only to 67% in the presence of 50% TFE. As expected, the heterodimeric A/B coiled coil has an even higher α-helical content than the A-coil (Fig. 3C) ; Fig. 3C) ; the increased overall ellipticity of the sample reflects the increase in helical content of two single subunits. We further tested the unfolding properties of the A-coil, B-coil and the heterodimeric complex by monitoring the change in mean residue ellipticity at 222 nm with increasing amounts of urea (0-5 M; Fig. 3D ). These comparisons show that the isolated B-coil is unstable and unfolds quickly. The isolated A-coil is more stable and shows an unfolding transition typical of a monomeric event, with a [urea] 1/2 (the concentration of urea that produces 50% unfolding) of 1.75 M and a calculated free energy of unfolding of 9.1 kcal mol -1 (Table 1) . These values indicate that the homo-oligomerization forces are relatively weak. The urea denaturation curve for the heterodimeric A/B-complex was initially fitted assuming a two-state process, in which only the folded dimer or two unfolded monomers exist. The analysis indicated a [urea] 1/2 of 1.55 M. This value is lower than that calculated for the A-coil, suggesting that a transition intermediate might exist, which could be an A-coil in a fully or partially folded state. This is confirmed by the overlapping profiles of denaturation of the A-coil and the heterodimeric complex at a urea concentration higher than 1.5 M (Fig. 3D) , due to the dominating effect of A-coil denaturation on the entire process.
Co-expression of the A-coil and B-coil showed stable heterodimeric complexes at high yields suitable for crystallization trials, which have so far yielded preliminary crystals (Fig. 4B ) that diffract to only 0.7 nm. Nevertheless, the potential to form crystals indicates the presence of a uniform species. The length and shape of the heterodimeric complex can be estimated from EM images of low-angle rotary-shadowed preparations. According to such estimations, the length of the complex is in the order of 16 nm, consistent with the calculated length of a coiled-coil stretch composed of 16 heptad repeats (Fig. 4A ). The green curve shows a Cys-light mutant, which was created to demonstrate that dimer formation is not caused by cysteine bridges. Data were analysed as described in the Methods section. This confirmed that the complex behaves as a tight dimer composed of A-coils and B-coils in a 1:1 ratio, with an average S 20,w of 2.286 ± 0.061 and a molecular weight of 29,160 ± 596 Da. The sedimentation coefficient (C(S)) distribution was determined by a method in Sedfit, as described in the Methods section.
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CONCLUSIONS
Here, we demonstrate that a C-terminal Xklp3A/B stalk fragment composed of coiled-coil segments II and III (according to De Marco et al., 2001 ) forms a stable, heterodimeric coiled coil (Fig. 4A) . On the basis of the different stabilities and folding properties of the isolated A-coil and B-coil, we suggest the following mechanism: the A-coil folds into a stable α-helical coil by itself, which is then used by the B-coil as a template to complete the heterodimeric complex, overriding the slight tendency of the A-coil to form a homodimer.
Our findings confirm that the charged regions (Rashid et al., 1995; Chana et al., 2002) are not necessary for inducing specific hetero pairing. At present, the three-dimensional structures of the charged regions within the entire molecule are unknown and the opposite charge distribution that is observed in their primary sequences might not be relevant for heterodimer recognition in the folded molecule. In any case, we have shown here that the C-terminal regions of the A-stalk and B-stalk have the potential to fold into a stable, heterodimeric coiled coil (Figs 1B,2 ). This C-terminal region of kinesin-II family members is highly As expected, the B-coil (green) showed a rapid transition to a completely unfolded form, whereas the A-coil (red) unfolds as expected for a monomeric event. The curve of the heterodimeric complex (blue) shows a slight shoulder at the beginning (arrow), but from there it seems to unfold similarly to a monomeric event. See Table 1 for more details.
Heterodimerization of Xklp3A/B V. De Marco et al. conserved (>95% sequence identity) among the corresponding partners (see figure 2 in De Marco et al., 2001) , indicating that our findings represent a general property of kinesin-II family members rather than an Xklp3A/B-specific phenomenom.
SPECULATION
It is not yet clear why heterodimeric motors evolved and what the mechanistic advantages for transmitting force and movement could be. Unlike homodimeric coiled coils, heterodimeric coiled coils require a complicated pattern of positively and negatively charged partners on both sides, which is repulsive for homodimer formation and attractive for heterodimer formation. However, as a side-effect, this enables these complexes to change partners. This seems to be an economic approach of the cell to creating two different heterodimeric motors with only three chains, allowing for a quick adaptation to changes in the cellular environment (Muresan et al., 1998; Yang & Goldstein, 1998) . These complexes can be disrupted rapidly by taking advantage of the lower stability of one of the two components. The unfolding of the A/B complex seems to be induced by the rapid unfolding of the B-chain, whereas the A-coil maintains its structured conformation, functioning as a template for either of the partners.
METHODS
Cloning, expression and purification of the A-coil, B-coil and A/B-coil. Full-length complementary DNA clones of X. laevis Xklp3A (de Marco et al., 2001) and Xklp3B (Le were used as templates for the PCR amplification of DNA fragments that encode residues 485-597 (A-coil) and 479-592 (B-coil), respectively. For expression of the single subunits, oligonucleotides were designed to introduce NcoI and XhoI sites at the 5' and 3' ends, respectively. The amplified products were ligated into a pET-derived vector downstream of the NusA gene (Davis et al., 1999) and sequenced. For co-expression, oligonucleotides were designed to contain NcoI and BamHI sites at the 5' and 3' ends of the A-coil construct and NdeI and BamHI sites at the 5' and 3' ends, respectively, of the B-coil construct. The B-coil amplified product was ligated into a pET3aTr vector (Tan, 2001) , excised by digestion with EcoRI and HindIII and recloned in the second cassette of the polycistronic vector pST39, which was modified to contain the His 6 tag, the tobacco etch virus (TEV) cleavage site and the multiple cloning site of the pETM60 vector in the first cassette. The A-coil amplified fragment was subcloned directly into pST39 by using the NcoI and BamHI sites of the introduced pETM60 multiple cloning site. All constructs were sequenced. Plasmids were used to transform E. coli strains that co-expressed chaperones (Tomoyasu et al., 2001) . Crude extracts were poured onto HiTrap Chelating HP (Amersham Bioscience) charged with Co
2+
. The NusA A-coil and B-coil and the histidinetagged A/B-coil affinity eluates were incubated with TEV protease (0.01 mg per mg of target protein) for 2 h at 30 °C, diluted three times in water and loaded onto a HiTrap Q HP (Amersham Bioscience) and eluted with a linear gradient of 0-500 mM NaCl, supplemented with 10mM sodium phosphate, pH 7. A-coils and B-coils were typically eluted at 250 mM salt, and the complex at 300 mM salt. The A/B-complex was also loaded onto a Superose-12 (Amersham Bioscience) run with 10 mM sodium phosphate, 300 mM NaCl and 1 mM DTT. Purity and homogeneity were assessed by tricine-SDS-PAGE. Protein concentration was calculated by measuring the absorbance at 280 nm. Native polyacrylamide gel electrophoresis. Samples in benign buffer were loaded onto a PhastGel gradient 8-25 and run in PhastGel Native Buffer Strips (Amersham Bioscience) in accordance with the manufacturer's instructions. Analytical ultracentrifugation. Sedimentation velocity runs were performed in an XLA analytical ultracentrifuge at 40,000-45,000 r.p.m. at 24.7 °C. Temperature was calibrated by the method of Liu & Stafford (1995) . Data were first analysed by the C(S) method using Sedfit (Schuck et al., 2002) . When appropriate, data sets were also analysed as one or two non-interacting species to extract best estimates for S 20 , w and molecular weight. Data from the A-coil . Deg, degrees; no. res., number of residues; TFE, trifluoroethanol.
scientific report monomer was also analysed with DCDT+ (Philo, 2000) to generate g(s) curves. Buffer densities were measured at the appropriate temperature in an Anton Paar DMA 5000, viscosity and vbar (partial specific volume) were estimated using Sednterp (Laue et al., 1992) , and all data were corrected to S 20,w . Circular dichroism spectroscopy. Far-ultraviolet CD spectra were recorded using a Jasco-710 spectropolarimeter calibrated with (1S)-(+)-10-camphorsulphonic acid. Protein samples were analysed at a concentration of 10 µM in 10 mM sodium phosphate, pH 7.0, at 5 °C. Data were collected from 190-250 nm at 0.1-nm intervals recorded at 50 nm min ) was calculated according to the formula:
where θ is the measured ellipticity in degrees, N A is the number of amino acids per protein, d is the path length in centimetres and C M is the molar protein concentration. The factor 10 originates from the conversion of the molar concentration to the dmol cm -3 concentration unit.
For urea denaturation studies, the proteins, at concentrations of 2.5-3.0 µM were dissolved in 10 mM sodium phosphate, pH 7.0. The concentration of urea was increased stepwise from 0 to 5 M. Initial and final denaturant concentrations were determined by refractometry. Denaturation mid-points, slopes and free energy of unfolding were determined according to . Glycerol-spraying rotary-shadowing electron microscopy. Samples for EM were prepared in 50% glycerol, 0.1 M NH 4 Ac, at a concentration of 0.7 mM. This solution was sprayed onto mica using a homemade nebulizer. The mica preparations were air-dried and then rotary shadowed at an elevation angle of 5°in a Balzers BAF-300 using platinum-carbon. Micrographs were taken in a CM120-Biotwin on a GATAN-694 CCD camera.
